Spectroscopic ellipsometry, reflectometry and magnetooptical (MO) spectroscopy in the zero and first diffraction orders are used to analyze submicron ultrathin MO gratings. Two different theoretical approaches, a rigorous analysis and an approximate method, are used to simulate the optical and MO response of the gratings. The numerical analysis suggests the presence of native oxide layers on the substrate and capping. A strong spectral anomaly observed in the MO response is identified by the integration of both theoretical approaches. The possibility to monitor the quality and topography of shallow gratings with high sensitivity is concluded.
Introduction
The optical and magneto-optical (MO) response of surfaces, thin films and multilayers have been widely studied to determine the geometrical and material properties of layered structures 1), 2). The recent improvement of nanotechnology initiated the intensive development of optical diffraction metrology techniques on patterned structures known as the 'spectroscopic scatterometry'. The techniques compare the observed optical response obtained with spectroscopic ellipsometry (SE) and/or reflectometry (SR) to a theoretical model. Using this approach, several authors were able to get valuable information on the topography of patterned structures3), 4). However, it has been found that the shallow patterns are very difficult to analyze even with the highly sensitive SE and SR applied simultaneously. The patterned structures containing magnetic elements offer an interesting opportunity to acquire complementary information from the magneto-optical Kerr effect (MOKE) spectroscopy. Several authors have measured MOKE on MO diffraction gratings with either the incident-angle resolved scatterometry5) or by MOKE hysteresis loop measurement6), 7) for zero and higher diffraction orders. However, there were no attempts so far to extend the scatterometric techniques by including the MO spectroscopy as a tool for the topographic analysis.
Although a remarkable progress was made on the modeling of MO gratings8)-12), a more difficult inverse problem (to determine the profile and element parameters from experimental data) requires either a more powerful computer or more efficient algorithms. In the case of lamellar gratings the computer capacity does not present the limitation even for rigorous diffraction methods8),9). On the other hand, the development of approximate methods 1 0)-1 2) with reasonable precision is still meaningful as it saves the computation time and makes the fitting procedure easier.
In the previous paper we reported on experimental and modeled MO spectra in arrays of permalloy submicron wires. In the modeling simulations we used the optical and MO constants of permalloy (Ni81Fe19) obtained from the effective medium approximation12). In the present paper the agreement correspondence between the experimental and theoretical spectra is improved thanks (i) to the use of new spectroscopic data for permalloy13) and (ii) to the model refinement which accounts for the presence of native oxide on both of the Si substrate and Cr capping layer, 14)-17) An anomaly observed in the (-1)' diffraction order of the MO spectra was assigned to the effect of imperfections on the wire edges.
Experiments
The wire gratings were prepared by ion-beam lithography on 10 nm thick permalloy layers, deposited on Si substrates and protected by 2 nm thick Cr capping layers. Three samples with different periods and top linewidths, as listed in Table 1 , were investigated. The grating parameters were checked by atomic force microscopy (AFM), which allowed minimizing the number of parameters to be determined from the optical and MO analyses. 
Theoretical approaches
Two different theoretical approaches were used to model the optical and MO spectra of the gratings, i.e., the coupled-wave method8), 9), known as the rigorous coupled wave analysis (RCWA), and the local mode method (LMM)12).
In the case of the MO response, RCWA was implemented as the transfer-matrix approach8),9). The optical response was calculated by the Airy-like internal reflection series (AIRS) approach, which was found as stable. Our experience showed that its use could be extended to deep gratings. The description of the properties of AIRS is to be published in separate papers 18).
The local mode method as an approximate analytical method may be applied to shallow diffraction gratings. Here, the edge internal diffraction effects are negligible, as already demonstrated by Suzuki et al.10) The resulting formulae for the reflection coefficients of the diffracted amplitudes derived by LMM are (1) (2) where n denotes the diffraction order. 
for the s-and p-polarized incident waves, respectively.
The left figure of Fig. 2 Fig. 3 The experimental (left) and simulated (right) MOKE of two sample gratings in the (-1)st diffraction order for the case of the p-polarized incident wave.
Conclusions
The optical and MO spectroscopic techniques combined with effective modeling are shown to be the sensitive non-destructive and non-evasive method for the characterization of patterned magnetic structures. The use of MO techniques enabled by the presence of magnetic elements in patterned periodic structures offers the possibility to acquire their more complete characteristics useful in the solution of inverse problems. The approach may potentially find applications in spin electronic technologies. It helps in choosing suitable experimental configurations for monitoring the detailed topography of lithographic process even in the case of shallow gratings.
